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Abstract 

We perform a general analysis of the R-parity conserving dimension-five operators that can 
be present beyond the Minimal Supersymmetric Standard Model. Not all these operators 
are actually independent. We present a method which employs spurion-dependent field 
redefinitions that removes this "redundancy" and establishes the minimal, irreducible set 
of these dimension-five operators. Their potential effects on the MSSM Higgs sector are 
discussed to show that the tree level bound < mz cannot be easily lifted within the 
approximations used, and quantum corrections are still needed to satisfy the LEPII bound. 
An ansatz is provided for the structure of the remaining couplings in the irreducible 
set of D=5 operators, which avoids phenomenological constraints from flavor changing 
neutral currents. The minimal set of operators brings new couplings in the effective 
Lagrangian, notably "wrong" -Higgs Yukawa couplings and contact fermion-fermion-scalar- 
scalar interactions, whose effects are expected to be larger than those generated in the 
MSSM at loop or even tree level. This has implications in particular for LHC searches for 
supersymmetry by direct squark production. 
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1 Introduction 

The Standard Model (SM) and its minimal supersymmetric version (MSSM) are thought to 
be the low energy limit of a more fundamental theory valid at high scales (string theory, extra 
dimensions, etc). In the absence of a detailed knowledge of this theory (vacua degeneracy, 
moduli problem), effective field theories provide a good framework on searches for new physics. 
In such theories higher dimensional operators are usually present. They can be generated by 
compactification or, in the case of 4D renormalisable theories, by integrating out massive 
states of mass M S> mz- As a result the low-energy effective Lagrangian below the scale 
M contains a set of operators of dimension D>4. The effective field theory approach resides 
firstly in organising these operators in a series of powers of 1/M. In the leading order a 
smaller number of couplings (parameters) are relevant and this leads to the possibility of 
making low energy predictions, little dependent on the details of the high scale theory (in 
many cases unknown anyway). For practical purposes one can consider, in addition to the 
SM or MSSM Lagrangian, the set of all higher dimensional operators of a given dimension 
with some unknown coefficients and investigate their implications for electroweak or TeV 
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scale physics. A second organising principle is that, for a given order in 1/M, one may use in 
addition symmetry arguments inspired by phenomenology, to reduce further the number of 
parameters. 

When studying the effects of higher dimensional operators one aspect is often overlooked. 
This refers to the fact that in an effective field theory not all operators of a given dimension 
(suppressed by a fixed power of 1/M) are actually independent. Within a given such set 
of operators, general field transformations allow one to eliminate those operators which are 
redundant, and identify the minimal irreducible set of independent operators. The advantage 
of this result is that it simplifies considerably the study of the models, by removing redundant 
couplings (parameters) of the theory. The purpose of this work is to show explicitly how one 
can identify the minimal irreducible set of such operators for a particular example. We consider 
the MSSMLj extended by all dimension-five operators that conserve i?-parity symmetry [2J and 
we identify the minimal irreducible set of these. The method is general and can be applied to 
other models, too. 

Since supersymmetry is broken, the fields' transformations should take into account effects 
of supersymmetry breaking associated with the higher dimensional operators. This is done 
by using spurion-dependent transformations. Some operators are "redundant" in that they 
can be eliminated completely or they only change/renormalise the standard soft terms and 
supersymmetric ^i-term; such operators can be "gauged away". In the new fields' basis the 
final number of parameters is reduced and calculations and predictions for physical observables 
can be more easily made. We provide an ansatz for the remaining couplings which allows one 
to avoid the effects of Flavor Changing Neutral Currents (FCNC), and reduces further the 
number of these couplings. One consequence is the generation of new effective interactions 
in the Lagrangian of the type (quark-quark-squark-squark) with potentially large effects in 
squark production compared to those generated in the MSSM. These are largest for the 
top/stop quarks. This can be important for LHC supersymmetry searches by direct squark 
production. Additional "wrong"-Higgs couplings, familiar in the MSSM at the loop level 
[31 [U [5], are also generated with a numerical coefficient that can be larger than the loop- 
generated MSSM one. Again, these are largest for the top and also bottom sector at large 
tan (3. We discuss some of the associated phenomenological implications. 

We show that in the model discussed the Higgs sector is simplified, despite the initial 

For a review see [1]. 
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presence of two D=5 operators and their associated spurion dependence. The "redundant" 
operator that can be removed by field redefinitions does not change the physics of the Higgs 
sector. It also turns out that for the MSSM lightest Higgs the tree level bound < mz is 
not easily lifted by the D=5 operators (with one exception that we discuss). The conclusion 
is that in the approximation considered the MSSM Higgs sector is rather stable under the 
addition of D=5 operators and quantum corrections are still needed to lift it above LEPII 
bound [6]. This conclusion changes if the massive states that induce the D=5 operators in 
the first instance are sufficiently light not be integrated out but considered together with the 
other MSSM states when analysing their implications. 

The plan of the paper is as follows. In the next Section we present the general D=5 
operators that can be present beyond the MSSM, preserving R-parity. We then identify the 
minimal, irreducible set of these operators. Although of dimension-five, they can still induce 
too-large, dangerous FCNC effects, for arbitrary coefficients. An ansatz avoiding this problem 
is presented, together with its phenomenological implications, in Section [3J In Section HI we 
analyse the effects on the Higgs sector that D=5 operators can bring. We show that these 
cannot avoid the MSSM tree level upper bound on the lightest Higgs (m^ < mz), with one 
exception where a marginal increase above mz can be present. We check explicitly that, as 
expected, an operator that belongs to the redundant class cannot change the upper bound 
on the lightest Higgs and only renormalizes soft masses or the \x term. In Appendix |A] and 
Appendix [B] we show in detail how the higher dimensional operators of the type discussed 
in the text occur at low energies, by integrating out massive supermultiplets (that could be 
present beyond MSSM [7]), in the absence (Appendix [A} and in the presence (Appendix |B|) 
of gauge interactions. Appendix O identifies the most general supersymmetry breaking terms 
that a particular type of D=5 operator discussed in Section [2] can bring. Finally Appendix IT31 
provides technical details of the calculation of the Higgs spectrum discussed in the text. 

2 Higher dimensional operators: a general discussion. 

In this section we find the minimal, irreducible set of R-parity conserving dimension-five 
operators that can be present beyond the MSSM. Consider 

£ = &MSSM + £^ (-0 
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Here C^MSSM ls ^ ne standard R-parity conserving MSSM Lagrangian and is a Lagrangian 
of R-parity conserving dimension- five operators, to be introduced shortly. Further 



C 



(4) 

MSSM 



J d 4 6 Z x H\ e Vl #1 + Z 2 H\ e v ' 2 H 2 



d 2 9 



H 2 Q\u U C -Q\ D D C H X -LX E E c H l + f xH l H 2 



+ h.c. 



(2) 



jCk accounts for the kinetic terms of the quark and lepton superfields Q,U C ,D C ,L,E C and 
for the gauge kinetic part, as well as for their associated soft breaking terms obtained using 
spurion field formalism. In the MSS V\ = g2Vy V <? 1 - giVy, (Hi has Y Hl = -1) and 
V 2 = g 2 Vjy <Ji +g\ Vy, where Vy and V\y are vector superfields of the f7y(l)-hypercharge and 
SU(2)l respectively, and g± and g 2 are the corresponding couplingaj. Finally, Xp, F = U, D, E 
are 3x3 matrices in the flavor space. Note that 



Zi = Zi{S,Sfl), X F = X F (S), F:U,D,E, v = »(S) 



(3) 



where S = M s 6 2 is the spurion parametrising the soft supersymmetry breaking and M s is the 
supersymmetry breaking scale. In the following we use the notations 



Z x = 1 + aiS + a\ S ] + a 2 SS ] , 
Z 2 = 1 + hS + b\S j + b 2 SS j . 

The complete set of dimension-five operators in MSSM, which preserve R-parity is given b 



(4) 



£ (5) 



1 

M 



QU c T q QD c + QU c T l LE c + XniH^f 



+ h.c. 



H\ e Vl QY V U C + H\ e V2 QY D D c + Hi e V2 LY E E c + h.c. 
A(S, S f ) D a ( B(S, 5 f ) H 2 e~ Vl ) D a (r(S, 5 f ) e Vl H x ) + h.c. (5) 



2 U C , D c , E c denote anti-quark/lepton singlet chiral superfields of components /Jj = (/ c )l and / = u, d, e, 
while Q and L denote the left-handed quark and lepton superfields doublets. 

3 We denote a product of two SU (2) doublets (columns) Hi Q \u U c = H% (102) Q Xu U c in a matrix notation, 
which helps us to avoid extra SU(2) indices; also Hi H2 = Hj (102) H% similar convention is used below. 



For a general discussion of D=5 operators with discrete symmetries see [8]. 
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where Tq l carry four indices (2 for each up/down sector), and 

T Q =T Q (S), T l = T l (S), X h = Xh(S), Y f = Y f (S,S^), F:U,D,E (6) 

showing the spurion dependence of various coupling^. In (JSJ), M is a mass scale associated 
with the generation of the dimension-five operators, for example the mass of some heavy 
particles integrated out. The operator (Hi H2) 2 is easily generated by integrating out a 
sine The remaining operators in @ are shown to be generated in Appendix [B] (see 
also Appendix by integrating out two massive (SU (2) doublets) superfields of mass of 
order Therefore these operators have a natural presence at low energies. The spurion 
dependence associated to these operators is the most general one can have. Since we assume 
a spontaneously broken effective Lagrangian, consistency of the integrating out procedure 
implies the restriction 

M s < M . (7) 

Also we have in general 

A(S,Sr) = «o + 011 S + 02 S 1 ' + 03 S £' 

r(S,St) = 70 + 71-5 + 72^ + 735^ (8) 

The Lagrangian in ([T]), ([2]), ([5]) contains however redundant terms, due to possible field redef- 
initions which relate various operators as we shall see shortly. Familiar transformations are 
holomorphic field redefinitions 

$i - (1 - h S) ^ , (9) 

which are commonly used in MSSM in order to restrict the couplings of the spurion S, and 
thus, the so-called soft-breaking terms. We shall use this freedom later on. Less familiar are 
the following (super)field transformationqf 



5 More exactly, the notation in eq.© stands for QU c TqQD c = (Q U C ) T (ia 2 )T Q Q D c . Similarly, 

D a [B{S,S^)H 2 e- v i] D a [T{S,S^)e v ^H 1 ] = D a [B(S, S^) H 2 (102) e~ Vl ] D a [T(S, 5+) e Vl ffi]. 

6 From a superpotential fj,Hi H2 + m E 2 + A E Hi H2 integrating a singlet E generates Xh(Hi H2) 2 . 

7 In Appendix |X] it is shown how H2 D 2 Hi ~ D a H2 D a Hi is generated by integrating a massive superfield 

without gauge interactions. In the presence of gauge interactions one finds the last operator in (O fAppendix lBj) . 
8 To avoid a complicated index notation, the transformations in (|10p are written in a matrix notation for the 

Higgs SU(2) doublets, thus the presence of (icr^), although in the superpotential this is not shown explicitly. 
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Ho 



H' 



M 



A 1 Hle V2 (ia 2 ) 



\ 2 H\e v Hi<?2) * + ^Q PD D c + ^Lp E E c (10) 



Here 



PF = p F (S); F:U,D,E, A i = A i (S,S*) 



1,2 



(11) 



are arbitrary functions of the spurion, i.e. their coefficients in the Taylor expansion in S are 
free parameters, which can be chosen to eliminate redundant dimension-five operators, as we 
shall see shortly. These coefficients should have values smaller than M and the same applies 
to the entries of the pp , F = U, D, E which are 3x3 matrices. We take 



Ai(S,St) = 8 + a 1 S + 82St + 8 3 SSt 
A 2 (S,S j ) = s'o + s^S + s'iS^ + sf 3 SS* 



(12) 



Notice that in the R-parity violating MSSM, we would also have the freedom to perform 
field transformations similar to (jlOp on quarks and leptons superfields. It is easy to see, 
however, that all these new transformations, with the exception of (|10j) . violate R-parity 
and cannot therefore be performed in the R-parity conserving MSSM extension. Notice that 
field redefinitions (|10j) . in addition of mixing operators from C^SSM an< l ^\ a l so generate 
operators of higher-order in 1/M (dimension-six), of the type 



^ J d ± e D 2 [H 2 e-* At] e * & [A, fT* H \] 



(13) 



plus a similar one for H\. Since the effects of such operators are further suppressed with 
respect to the dimension-five operators we are considering, we shall neglect them in what 
follows. One then finds that the original Lagrangian transforms into: 



C 



Ck + / <F6 



Z[ H\ e Vl ffi + Z' 2 R\ e v ' 2 H 2 



+ J d 2 
1 



H 2 QXjjU c - QX D D C H X - LX' E E c H 1 + p J H 1 H 2 



+ h.c. 



1 



QU C T' Q QD C + QU c T' l LE c + \ h (H 1 H 2 ) 



+ h.c. 



+ M 1 ** 



H\e Vl QY{jU c + Hle V2 QY^D c + Hle V2 LY E E c + h.c. + AC (14) 
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AC = — I ci 4 ' 
M 



+ M 1 *» 



- A\ H 2 e~ Vl D 2 {Z 1 e Vl Hx) - Z 2 H 2 e~ Vl D 2 (Al e Vl Hi) + h.c. 
A(S, S f ) D a ( B(S, S f ) H 2 e~ Vl ) D a (r(5, S f ) e Vl H x ) + h.c] (15) 



Above we introduced the notation: 



\> F (S) = \ F (S) + ^p F (S), 



M 



F :U,D,E 



and 



y£(s,st) 

Fi,(5,5t) 



Yu(S, 5t) - 4 A 2 (S, 5t) Atf(S) + £i(S &) Pu (S) 
Y D (S, &) - 4 Ai(5, St) A^S) + Z 2 (S, S f ) p D (S) 
Y B (S, 5t) - 4 A X (S, ^) A E (S) + Z 2 (S, p E (S) 



and 



Finally 



7q(S) = T Q (5) + Xu(S) ® p D (5) + pj/(S) A D (S) 
T[(S) = T L (S) + Ac/(S) ®p E (S) + ^(S) ® A S (S) 



z' 2 (s, st) 



2i(S, St) - — (4/,(S) A 2 (S, St) + /i.e. 
Z 2 (S, St) - i_ ( 4/ <S) Ai(S St) + h.c. 



(16) 



(17) 



(18) 



(19) 



In eqs. (fl~6|) . (fT7|) . (fl~8|) all quantities except M are functions of the spurion field. Next rescale 
the Higgs fields for canonical normalisation of their kinetic terms 



-j= [l - h S] H u H 2 ^-^=[l-k 2 S] H 2 , 



h = ^, k 2 = -} (20) 



with 



a = Z x 



s,st=o 



5,5t=0 



b[ = Z' 2 



(21) 



3 In a matrix notation, in (I15|l one replaces i?2 — + [ia 2), and similar for the holomorphic part of (|14|l . 



7 



which can be immediately computed using the definition of Z' x 2 , Z\^ 2 and Ax,2 and their 
spurion dependence given above. After the Higgs fields transformation we obtain 



C = C K + AL+ Id 



+ / d 



H 2 Q\'{jU c - QX" D D C H X - LX%E C H 1 + ^'H 1 H 2 



h.c. 



+ h 1 « 



QU C T' Q QD C + QU C T L LE C + X' H (H 1 H 2 



+ h.c. 



H\ e Vl Q U c + e V2 QY^D C + W 2 e V2 L Y% E c + h.c. 



rt c v 2 n V" 



t C V 2 r V'l 



(22) 



Above we introduced the following notation for the spurion dependent quantities: 
1 



AS) 



= (l-k 2 S) X'uiS) = (1 - h S) Xu(S) + 0(1/M), 





(1- 






1 


(1- 








1 






— > 



= (1 - h S) X' F (S) = (1 - ai S) X F (S) + 0(1/M), F = D,E. 



[1 _ + fc2 )5] /i(5) = (1 - (ai + 60 5) M (5) + 0(1/M). 



(23) 



Since a' Q ,b' are M-dependent, see (fT9j) . (f2T1) . the couplings X'(j D E (S) and also //(S) have 
acquired, already at the classical level, a dependence on the scale M of the higher dimen- 
sional operators (threshold correction). This is denoted above by 0(1/M) and can be easily 
computed using (|19p . (|21|) . Note that this 0(1/M) correction is relevant for the Lagrangian 
(|22|) . Similar considerations apply to m\ 2 entering in the first line in (|22|) and their exact 
expressions (not shown) in terms of initial parameters can be computed in the same way. 
Further 

X' H {S) = (l - 2( 01 + 60 S) A H (S), Y#(S, &) = {l-a\S^) Y{j(S, S^ 

^) = (1 - St ) ^(S, St), y*'(S, = (1 - 6^ ) Y E (S, &) (24) 



where we ignored terms which bring 0(1/M 2 ) corrections to (|22p . Finally, AC in (|22p is that 
of (|15p after applying to it transformation (|20p . This gives 
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AC 



~ / d 4 # to H 2 e~ Vl D 2 



e^Hx 



+ 



+ 



-jj [ 4 [h + t 2 + t ( ai + h)) h 2 V^D" hi - 2 [h -t 2 + t (h - ax)) h 2 Di hi 
2^2 (h + 61 1 ) h 2 Ai - 2^2 (t 2 + ai t ) <p h2 X 1 h 1 -4 1 3 F h2 F hl 

M 2 r 



M 

Ml 
M L 



4 (t 4 - 61 1 3 ) h 2 F hl - 4 (t 5 - 01 1 3 ) /11 + 2 1 6 ^2 V'h! 



4 (i 7 - ai *4 - 61 1 5 + ai 61 i 3 ) h 2 foi 



/i.e. 



(25) 



where the hermitian conjugation h.c. applies to all terms above and where we ignored 
0(1/M 2 ) corrections. Also D\ and Ai are components of the vector superfield V\ and we 
also used the component notation Hi = (hi, tp^, F^). In AC we replaced kx, (k 2 ) by ax, (b\) 
respectively, which is correct in the approximation of ignoring 1/M 2 terms in the Lagrangian. 
The coefficients t{ are given by 



to = 


«oA)7o + s* + s Q *, 


£4 = d 4 - S3 - a* S2 - 6 2 s * - 61 sf* , 


h = 


d\ - s\ - h s * , 


15 = «5 — a 2 s — ai s x — s 3 — Ox s 2 , 


*2 = 


d 2 - a% Sq - s 2 , 


te = de, 


*3 = 


«3 - Si - «i s - s x - 6 X s , 


tj = d-j — a 2 s 2 — ax S3 — 61 s 3 * — b 2 s 2 


and where a\ 


are combinations of input parameters ai, fy, ji of eq. (jSJ) 


di = - 


-A «o7o - ai/?o7o/2, 


d 4 = -(3 3 a 70 - Px a 2 70 - a /?i72 


d 2 = - 


-71 A) «o - ax Po 70/2, 


^5 = -73 00 ao - 7i "2 A) - "o/?27i, 


d 3 = - 


-«2 A) 7o - «o/?27o - «oA)72, 


d 6 = a 3 70 A) + ai/%7o + ai/? 72 



d 7 = -73 Pi "o - 7i Pz «o - 7i Pi «2- (27) 

A suitable choice of coefficients so, s' , s 2 , s 2 entering in transformation (|1U|) allows us to set 

t i = 0, 1 = 0,1,2,3. (28) 
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This ensures that the non-standard terms in the first, second and third lines of AC above 
are not present. The remaining terms proportional to and M| bring a renormalisation of 
the soft terms only, which are present anyway in the Lagrangian of (|22p . thus can be ignored 
(recall that the auxiliary fields can be replaced onshell by their lowest order (MSSM) values). 
Finally, the term ig i^hz^hi brings a renormalisation of the super symmetric jJ term (fj, 1 ' H1H2) 
of (|22|) . induced by soft supersymmetry breaking, and is invariant under the general field 
transformations (|10p . In principle one could set additional coefficients of the last two lines in 
AC to vanish by a suitable choice of remaining s^, 3 ; we choose not to do so and instead 
save these remaining coefficients for additional conditions that can be used to simplify the 
(couplings or the spurion dependence of our) Lagrangian even further. 

We then obtain the minimal set of dimension-five operators beyond the MSSM Lagrangian 



C 



C-K+ d 



1 - w^ s ) H ' eVl ffl + - w^ s ) H * eV2 H * 



+ / d 



H 2 Q X'u{S) U c -Q \%(S) D C H X -L \%(S) E c E x + (i"(S) H x H 2 



+ h.c. 



+ M ld " e 



Q U c r Q (S) QD C + QU C T' L {S) LE C + X' H (S) H 2 ) 



+ h.c. 



H\ e Vl QY^(S, S^) U c + R\ e V2 QY£(S, 5 f ) D c + H ] 2 e V2 LY^(S, 5 f ) E c + h.c. 



t Jarv"/ 



(29) 



where Ck stands for gauge kinetic terms and for kinetic terms of MSSM fields other than 
Hi 2, together with their spurion dependence; //' now includes the renormalisation due to ^6 
(not shown). This Lagrangian gives the irreducible set of dimension-five R-parity conserving 
operators that can be present beyond the MSSM and is one of the main results of this work. 
As explained above, there is still some remaining freedom of the field redefinitions that will 
be used in the next section. The couplings entering above are given in eqs. ([T6|) . (fTTl) (fTHl) . 
(1231), dMI) in terms of those in the original Lagrangian. The couplings A'^ D E (S) acquired a 
threshold correction 0(1/M), which can be obtained from (|23p . The dimension-five operator 
that was present in the last line of © was completely "gauged away" in the new fields basis, 
up to effects which renormalised the soft terms (unknown anyway) or the supersymmetric 
H term. Since the physics should be independent of the fields basis, in this new basis it is 
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manifest that the last operator in §E§ cannot affect the relations among physical masses of 
the Higgs sector. We discuss this in detail in Section [H 



3 Phenomenology of the new couplings of the MSSM 5 . 

The Lagrangian in ([29]) has couplings which can have dramatic implications if the scale M 
is not high enough, in particular due to FCNC effects. Indeed, if T'q l and Yp, F : U,D,E, 
of (|29H have arbitrary family dependent couplings, one expects stringent limits from FCNC 
bounds [9]. It is possible however, under some mild assumptions for the original C of ([T]) with 
([2]), ([5|), that some of the couplings in (j29j) can be also removed. For example assume that 
in the original Lagrangian §5§ all flavor matrices are proportional to the ordinary Yukawa 
couplings and similar foil 10 ! p F of (fTU|) . (fTT|) : 

T Q (S) = c Q (S) X v (0)0 X D (0) 
T L (S) = c L (S) \u(0) ® Ajs(O) 

p F (S) = c F (S) A F (0), F:U,D,E (30) 

and, as usual 

X F {S) = X F (0)(1 + A F S), F:U,D,E. (31) 

Above CQ t L,(S) are some arbitrary input functions of 5; X F (S) with F : U,D,E are 3x3 
matrices, while A F are trilinear couplings. In the following c F (S) = Cq + S cf, F = U, D, E 
are regarded as free parameters which can be adjusted, together with the remaining 11 ! S13, 
s'i 3, to remove some of the couplings in (|29f) . Indeed, if 

cu(S) = -c L (S) - c E (S), c D (S) = -c Q (S) + c L (S) + c E (S) (32) 

while ce(S) remains arbitrary, one obtains 

TA(S) = 0, T' l (S) = (33) 
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The eqs in (|30p are also motivated by the discussion in Appendix [B] ea. (|B-7[) where a similar structure of 



Tq.l and pF is generated by integrating out massive 51/(2) superfields doublets. 
11 see (HO]), dl) and (28]). 
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We can therefore remove the associated couplings in (|29|) . the first two terms in the third line 
of (|29|) . Finally, let us assume that in ([S]) we also have 

Y F (S, St) = f F (S, 5*) A F (0), F:U,D,E (34) 

where fp are spurion-dependent, family-independent functions of arbitrary coefficients: 

f F (S, St) = g + S ff + St g + S St g (35) 

Using (j24"|) . we find that the couplings in (f29|) are 

Yp(S, S f ) = A F (0) ^ + xf S + xf S f +xf SStj, F = U,D,E (36) 



One finds 



•' 


= fE 


-K 




• l l 


= f? 




+ cf + ai c# 


X2 


= ft 


-4 4 


i * u * u 

T Oi Cg (2j Xg 


■ l 3 


= 


-44 


+ a x + a 2 c - a! x x 



(37) 



Similar equations exist for D fields, obtained from those above with replacements U — > D, 
4 — ► -Si and a« — > 6j. Also for E 1 fields the replacements are U — ► 22, — > Sj and — > foj. 
Let us examine if the form of Yp(S, St) can be simplified using the free parameters that 



E 



we are left with: these are sx,3, 4 3 from general transformations Ai^ and ce{S) = Cq + S cf 
thus a total of 6 free parameters. We can use 4 3 ( s i,3) to eliminate S and SSt parts of Y{j 
(Yjj), respectively. Using Cq and cf we can also eliminate the S and S St of Yp. In conclusion 
we used the remaining 6 free parameters to bring Yp to the form 



y^(St) = Y£(0, St) = A F (0) (x$ + xl St), F:U,D,E 



(38) 



The coefficients Xq 2 depend on the arbitrary (input) coefficients // 



0, 1,2,3, Oj, 6j, Cj of 



the original Lagrangian (fTJ) , ([2]) , ([5]) . Other simplifications can occur if we ignore the couplings 
Y of the first two families. With these considerations, the Lagrangian in (j29[) becomes 



12 



C K + d 



d 2 e 



1 " w s]s ) Hl eVl ^ + ( x " w* s ) H * eV2 H * 



-H 2 Q \'{j(S) U c -Q A'i,(5) D C H X -L \" E (S) E c H x + n"{S) H x H 2 
H\ e Vl Q Y{j{S ] ) U c + H\ e V2 QY£(S r ) D c + H ] 2 e V2 LY^{S ] ) E c + h.c 
± J d 2 6 X' H (S) (H x H 2 ) 2 + h.c. 



+ h.c. 



+ M ld 



(39) 



with couplings (J38|), p3fR This defines our MSSM extension with D=5 operators (MSSM5). 

A detailed analysis of all couplings generated by (|39|) or by (|29p and their phenomenological 
implications is beyond the scope of this paper. For related studies see also the analysis in 
[101 llll \12\ . Let us present however all the new couplings generated using component fields 
and we begin with the couplings proportional to M s . Part of these are coming from the terms 
in the second-last line of (|39l) . These include non-analytic Yukawa couplings [4J 

x\ (A[j%- (h\ q Li ) u c Rj + h.c. 



^xf (A?)y (h\q Li ) d Rj + h.c. 
M, 



M 



{h\l Li ) e c Rj + h.c. 



A 



A F (0), F : U,D,E. 



(40) 



These couplings are not soft in the sense of [13], but "hard" supersymmetry breaking terms (for 
"non-standard" and "hard" supersymmetry breaking terms see [HE]); they are less suppressed 
than those listed in [3] where they were generated at order M 2 /M 2 . Such couplings can bring 
about a tan/3 enhancement of a prediction for a physical observable, such as the bottom 
quark mass relative to bottom quark Yukawa coupling [3J [Jl] . This effect is also present in 
the electroweak scale effective Lagrangian of the MSSM alone, after integrating out massive 
squarks at one-loop level, with a result for bottom quark mass [31 [HI [T5l [HI [T7] 

v cos (3 



V2 



Ah + 5Xb + AA& tan (3 



(41) 



12 X'f(S) acquired a threshold correction in M: A'^(0) = A^O) [l + 1/M (fi(0) ccr(Q) + 2 (fi(Q) s + M*(0) So))] 
with similar relations for D, E obtained by so — > s' and U — > D, (U ~ * E). In terms of original parameters, 
so = -[-4a$/3o7o b 1 -4d* 3 + (ff + /f + c^ 7 + cf + 01 (# + bi c?)]/4 (01 - 61) with d 3 as in (g7|; for the D, £ 
sectors we use s' — — ao,0o7o — so- Similar relations exist for non-supersymmetric counterparts, see 
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where A;, is the ordinary bottom quark Yukawa coupling, 5Xf, its one loop correction and 
AAfc is a "wrong" -higgs bottom quark Yukawa coupling, generated by integrating out massive 
squarks. In our case, AAj, receives an additional contribution from the second line in (|40p . 
The size of this extra contribution due to higher dimensional operators, can be comparable 
and even substantially larger than the one generated in the MSSM at one-loop level (for a 
suitable value for x® M s /M - recall that x® is not fixed). Such contributions can bring a tan/3 
enhanced correction of the Higgs decay rate to bottom quark pairs. Similar considerations 
apply to the U and E sectors. 

Other similar couplings derived from (I39p and proportional to M s are 

^ %2 (^o^o)ij (4 4) URi u* Rj + h.c. 

^ 4 {X U Q X U Q % (h\ q Li ) (4 4) + h.c. (42) 

where we used that A^" and A^ are equal up to 0(1/M) corrections, see ([To]) . (f2"3"|h The 
above terms are strongly suppressed due to the square of the Yukawa coupling, in addition to 
M s /M <C 1, so their effects are expected to be small, except for the third generation. Their 
counterparts in the down (D) sector are 

^ xf (A^ f X^j (4 h\) d Rt d* Rj + h.c. 

^ (Xq X°% (4 q Li ) (4 + h.c. (43) 

In the lepton sector similar couplings are present, obtained from eq. (|43p with Q — > L, D — > E. 
All the quartic couplings listed above are renormalisable, but naively they would seem to break 
supersymmetry in a hard way if inserted into loops with a cutoff larger than M. This is of 
course just an artifact of using a cutoff larger than the energy scale of heavy states that we 
integrated out. 

It is interesting to note that there is no "wrong-Higgs"-gaugino-higgsino coupling generated 
[3], even though the original Lagrangian in eq.© included it, see eq. (|25p where 

— ^ (i/j h2 Ai hi + h 2 Ai il> hl ) + h.c. (44) 

was present. Such a coupling can be generated at one loop level, for a discussion see [3]. This 
coupling was removed in our case by a suitable transformation for the Higgs fields (|10p . This 
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shows that not all "wrong" -higgs couplings are actually independent (this may also apply 
when such couplings are generated at the loop level). 

Note that in the MSSM5 defined by eq. (|39p . couplings proportional to M s involving 
"wrong" -higgs A-terms are not present, given our ansatz (|30|) . (f34"|) leading to ([38]) . If this 
ansatz is not imposed on the third generation, then one could have such terms from (|29p 



M 2 r ~ 1 

-jj- Vu,3 h[ q L:3 u* R3 + y dj3 h\ QL,3 + Ve,3 4 Il,3 e* R;3 (45) 

where yf^,f = u,d,e are the coefficients of component S of Y" (S, S^) of third generation. 

There are also new, and perhaps most important, supersymmetric couplings generated, 
that affect the amplitude of processes like quark + quark —* squark + squark, or involving 
(s)leptons too. These are 

(^o)ij (Ao )ki qLid* Rj q L kU c Rl + h.c. 
j^ x o (^o)ij ( x o)ki QLiU* Rj qLkd c Rl + h.c. 

— a# (XEh^o)kl hiSRj q Lk u Rl + (L~Q,E ~U) + h.c. (46) 



These couplings can be important particularly for the third generation. The largest effect 
would be for squarks pair production from a pair of quarks; the process could be comparable 
to the MSSM tree level contribution to the amplitude of the same process [18J. Indeed, let 
us focus on the qq — ► qq* in MSSM generated by a tree-level gluon exchange. The MSSM 
amplitude behaves as 

A^s^gg. ~ ^ , (47) 

where s is the Mandelstam variable. On the other hand, the operators (|46p generate a contact 
term contributing 

\ U \ D 

A MSSM 5 „ A o A o m 

qq^qq* M 

The dimension-five operator for the third generation has therefore a comparable contribution 
to the MSSM diagrams for energies E > g 2 M, which can be in the TeV range. In MSSM 
there are other diagrams contributing to this process, in particular Higgs exchange. It can 
be checked however that at energies above the CP-even Higgs masses, the MSSM amplitude 
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decreases in energy whereas the contact term coming from the dimension-five operators gives 
a constant contribution which is sizeable for high energy. Of course, at energies above M 
we should replace the contact term by the corresponding tree-level diagram with exchange of 
massive SU{2) doublets (or whatever other physics generates this effective operator). 

Note that couplings similar to (|4"6"]l could also be generated by the term J d 2 9 (QU) Tq(QD) 
of K2SD- This term is not present in MSSM 5 of ([39]) due to our FCNC ansatz (|30D . pi : 
however, for the third generation this constraint of the ansatz can be relaxed. Therefore the 
above process of squark production can have an even larger amplitude, from contributions in 
the third line of (l29|) . 

The Lagrangian (|39[) also contains other (supersymmetric) couplings involving gauge in- 
teractions which can be important for phenomenology. They arise from any dimension-five 
D-term in (|39p giving 



C D 



(A °]j' X ° [ " h\ (q Li u* Rj ) - -L fcjAi (q Li u c Rj + q Li u* Rj ) - -±= X 1 q Li u* Rj 

+ ^ h \ D i QLi u* Rj + ii/) hl o» Vf, (q Li u c Rj + q Li u* Rj ) 

+ {U^D,H 1 ^H 2 ,V 1 ^V 2 ) + (Q^L,H 1 ^H 2 ,V 1 ^V 2 ,U^E) + h.c. (49) 



where D\, Ai are the auxiliary and gaugino components of V± vector superfield, and 



Di 



92 

2 



9l 



h\ahi + h\ah 2 + q Li aqLi + ^ofc, 



1 4 2 

h\hi + h\h 2 + ~q Li qLi ~ ^u Ri u* Ri + -d Ri d* Ri - l Li hi + 2e Ri e* Ri 



(50) 



Here is the covariant derivative, = <9 M + i/2V\^, where is the gauge field of the 
vector superfield V\ = g 2 Vfo a 1 — g± Vy, introduced in eq.©. Couplings similar to those above 
are generated by the substitutions shown in (|49p . Of the couplings above, phenomenologically 
relevant could be those involving 2 particles and 2 sparticles, such as higgs-quark-squark- 
gaugino, or gauge-quark-higgsino-squark arising from (|49H . Also notice the presence in this 
eq of the first term with a "wrong-higgs"-squark-squark derivative coupling. 
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Yukawa interactions also generate supersymmetric couplings of structure similar to some 
of those in (|49p . involving 4 squarks and a higgs or 2 squarks and 3 higgses, or 2 squarks, 2 
sleptons plus a higgs. However, these arise at order A^., where Xp, F : U,D,E are Yukawa 
couplings entering (|39p . Therefore they are suppressed both by the scale M and, relative to 
the above gauge counterparts, also by an extra Yukawa coupling (this is due to the presence of 
an extra Yukawa coupling in the third line of (|39l) relative to ordinary D-terms. The strength 
of these interactions is also sub-leading to other Yukawa interactions listed so far (which also 
involved fewer (s)particles). 

Finally, supersymmetric couplings with 3 higgses and 2 squarks or 2 sleptons arise from 
(HiH 2 ) 2 of (|39|) . (suppressed by two Yukawa couplings and by the scale M); also generated 
are potentially larger couplings of 2 higgses and 2 higgsinos, being suppressed only by A#(0) 
and by the scale M. There are also non-supersymmetric couplings with 4 higgs fields, whose 
effects are discussed in Section |H This concludes our discussion of all the new couplings 
generated by dimension-five operators in the MSSM5. 



4 The MSSM Higgs sector with dimension-five operators. 



In the following we restrict the analysis to the MSSM Higgs sector extended by D=5 operators 
and analyse their implications. In this sector there are in general two dimension- five operators 
that can be present and affect the Higgs fields masses, shown in eq. (|5ip below. According 
to our previous discussion the last operator in ([5*T]) is redundant and can be "gauged away" . 
However, in this section we choose to keep it, in order to show explicitly that it does not bring 
new physics of its ow r@. The relevant part of MSSM Higgs Lagrangian with D=5 operators 
is 



Zi{S, S^) H\ e Vl Hi + Z 2 (S, Sft) r\ J* R 2 



-/- 

+ Jjjd 4 Q { A (S, 5 f ) D a [5(5, S f ) H 2 e~ Vl ] D a [r(5, S 4 ) e Vl H x ] + /i.e.} 



(51) 



/' M -\-nS) JI I I1> + H {l + c 2 S){H 1 H 2 f 



+ h.c. 



Additional spurion dependence arises from the dimension-five operators considered. For the 



13 In the exact susy case, if set onshell this operator brings only wavefunction renormalisation ( Appendix [B]! 
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definitions of A(S,Sr), B(S,S^), T(S,Sr) see eq.([S]). After some calculations, elimination of 
the auxiliary fields and a re-scaling of the scalar fields, the scalar part of C\ in (|51|) becomes: 



Cl,scalar = ~ (<7? + <?l) (M* ~ + ^ (<?1 + sf) ( I h \ 2 - | h 2 | 2 ) (6 1 hi h 2 + h.C.) 



+ ^ {\hi\ 2 + \h 2 \ 2 ){p*h x h 2 +h.c) C 3 (<5 2 (/l! /l 2 ) 2 + /l.C.) (52) 

- (|/i| 2 + m 2 ) |^| 2 - (|/u| 2 + m|) |/i 2 | 2 - (h 1 h 2 Bn + h.c.) - h\ V 2 hi - h* 2 V 2 h 2 



where 



m 2 2 



M 2 (\ai\ 2 -a 2 ^+0{M s /M) 
M 2 (| 61 | 2 -62) +0(M s /M) 



Bfx = jlM s [ci-ai-bij +0(M s /M) (53) 

The 0{M s /M) corrections in (j53H are not shown explicitly since they only renormalise mi j2 
and Bfi which are anyway unknown parameters of the MSSM. In (I52D we denoted 



Si = a 70 + 7i A) «o -«o/?o7o(ai -h), 5 2 = c 2 + 2(oi + &i), (54) 

From (|52p we notice the presence in the scalar potential of three contributions, all intro- 
duced by our dimension-five operators. The contributions proportional to C3 in (|52p are due 
to (i?ii? 2 ) 2 in JSI]) and where discussed in [19] (also [201 EE] ; for a review see [22]). The 
contribution proportional to <5i in (|52|) 

(|/ii| 2 - |/i 2 | 2 ) (/ii/i 2 + /i.c), (55) 



was introduced by the dimension- five operator in the last line of (|51f) . This is a new contri- 
bution to the scalar potential, and is vanishing if ao = /?o = 7o- An interesting feature of 
this new contribution to the MSSM scalar potential is that its one-loop contribution to hi 2 
self-energy remains soft (no quadratic divergences) despite its higher dimensional original. 



14 One can ask what happens to the value of <5i after one uses the remaining freedom of rescaling the chiral 
superfields in (|5ip as follows: Hi — » (1 — ai S) Hi; H2 — » (1 — 61 S) H-z- Under such rescaling /3i — > y3i — /3o bi, 
71 — » 71 — 70 Or, see JS). Using the value of Si in (|54p (now with ai = 61 = 0) and with these new values of 
/3i,7i one immediately sees that <5i is invariant/remains unchanged under this rescaling. 
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4.1 Higgs mass corrections beyond the MSSM. 

Let us consider the implications of (|52p for the Higgs masses. The scalar potential is 



V 



m{ \hi | 2 + rag \h 2 \ 2 + ( B nh x h 2 + h.c. ) + — ( | h 



+ (j hi | 2 - | /i 2 | 2 ) (m hi h 2 + h.c)) + (\hi\ 2 + \ h 2 | 2 ) (j) 2 h h 2 + h.c. 



+ \(m(hih 2 ) 2 + h.c. 



(56) 



where the definition of 1712,3 ~ 1/M can be read from eq. (!52|) . We take for simplicity r/i real, 
and therefore 773 > 0, 1 772 1 < %/4. Also 



~ 2 _ 2 , i~|2 



~ 2 _ 2,1-12 



2 _ 2 1 2 

9 = 9i + g 2 



(57) 



Consider quantum fluctuations 



1 



hi = —=(vi + hi + idi), i = l,2 
V2 



(58) 



where ^1,2 are the minimum vev's of V. Following the details presented in Appendix D and 
using the minimum conditions for V one shows that the Goldstone boson has txiq = and 
the pseudoscalar Higgs (A) has a mass 



1 + u 2 „ u 2 - 1 2 1 + u 2 2 
B n -\ r]iv 172 v -r] 3 v 



11 



2u 



2u 



(59) 



with the notation u = tan/3 and Bfi < 0. Also v\ = ucos/3, v 2 = vsm.(5 and m 2 z = g 2 v 2 /4. 
The masses of the CP even Higgs scalars h, H are (see also eq. (ID-16"]) ): 



™>l,H 



1 

2 L 



± r/i v 2 sin 4/3 



+ 7/2 v 2 sin 2/3 



1 ± 



m 2 A + m 2 ? 



+ 



^ (m^ - m|) cos 2 2/3 



where the upper (lower) signs correspond to h (H) respectively and 

{m\ + m 2 z ) 2 — 4 m/4 m 2 z cos 2 2/3 



7/.' 



(60) 



(61) 
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For 772 = % = one finds from (|6U|) 



2,2 2,2 

m h + m H = m A + m z 



(62) 



which is independent of 771. Then 771 does not affect the relation among physical masses, which 
is consistent with the result of Section [21 where the last term in (|51|) responsible for 771 term 
in V could be removed by a suitable field redefinition. 

For r}\ = the result in (|60p reproduces that in the first line of eq.(31) in [TU] ^|. In the 
limit of large tan/? with ttia as a parameter fixed at a value m A > mz one finds: 



and 



m 2 h 



m 2 H 



m| + 


4m 


2 „2 


m\- 


- 77?/ 


Am 2 A 


m\ 


1 - 


m\- 


m| 



(772 - m) cot/? 



773 u 



4 1 4 



2 m 2 ^ (m 2 ^ — m? 



2 2 4 (m^?7i - m| 772) t> 2 
+ r/3 v H £2 — 5 ^ cot p 



cot 2 /3 + C(cot 3 /3) 



(63) 



Therefore 



4m A m z 



rrir 



4 1 4 
+ m z 



2 m A m z (m A — m z ) 



cot 2 (3 + (cot 3 /3) 



^22 

fe-m) cot/3 + 0(cot 2 /?) 



m , 



rrtr 



(64) 



6m 2 H 



V3V + 



4 (m 2 ^ r/i — m?7 772) 



m' 



cot/3 + C(cot 2 /?) 



(65) 



in agreement with [19] for rji = 0. The above expansions for large tan (3 should be regarded 
with due care, since in fact they are the results of a double series expansion, in iji and 1/ tan (5. 
Assuming 773 = (then 772 = 0, too), the term proportional to cot/? in (|63p is larger than the 
sub-leading one (cot 2 /?), giving m\ — m 2 z > if \r]i/g 2 \ > 1/(4 tan j3). This bound is however 
outside the validity of the perturbative expansion in 771 as we shall see shortljQ, and then this 
large tan (3 expansion is not useful. If 77^2 = and 773 non-zero and positive then one could 

15 In the notation of [19] . our 772 = 2ei r and 7/3 = 2e2 r and v has a different normalisation there. 
16 See the bounds from (|D-18(I and discussion below. 
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obtain > mz if the square bracket in (|63|) is negative, which is more easily satisfied (for a 
small 773) if rriA is very close to mz, but then the above large tan/3 expansion is not reliable. 

Let us therefore analyse the validity of the corrections to m\ H from eqs. (|60p . (|D-16|) . in 
the approximation used. For our perturbative expansion in 77^ to be accurate we require that 
the 7/j-dependent entries in the mass matrix M.^ (|D-2p be much smaller than the corresponding 
values of these matrix elements in the MSSM case. From this condition one findJ^I 



3 (171 + 772) v\ + 3 (772 - 771) v\ + 2??3 v\ v 2 



1 2 
< - g vxv 2 



6 (772 - 77l)7;i V 2 +r]3 v l 

6(772 + 771)771 tj 2 + 773 v 2 



2 o 2 

vi - 3 v 2 



o 2 2 
3 «1 - 77 2 



(66) 



Similar conditions are derived from the pseudoscalar Higgs/Goldstone bosons mass matrix 
elements iVjj (|D-11|) . From these one can obtain some upper bounds for eac rn; lower 
bounds on r\i can be derived from the condition that the contribution of each r]i or combinations 
thereof increase above mz (to avoid the MSSM tree level bound m^ < mz)- If all these 
bounds on r\i can be respected simultaneously, then it is possible to obtain m^ > mz in the 
approximation considered. 

Assuming 772 = 0, then m^ > mz is possible if one or both eqs in (|D-18|) are respected. 
One can show that for 1 < tan/? < 50 and m^/mz > 1 eq. (ID-18"l) has no solution for 771; 
therefore 771 alone cannot change the MSSM bound < mz within our approximation. If 
1 < m 2 A /m 2 z < 2 A3 there is a somewhat "marginal" solution for 773 of (ID-18|) . with values of 
mA/mz close to unity and with large tan/3 preferred, to enforce the "<C" inequalities in (j66H . 
(|D-18p . For example, for = mz and tan/3 = 50 the lower bound on 173 /g 2 is tj^/g 2 > 0.02 
while 773/g 2 <C 0.25 is also required; in this case, for tan/3 = 50 the increase of m^ relative to 
777-z, $r = ( m 1 - m z)/ m z equals $r = -100/2501 + 27] 3 /g 2 . Therefore 5 r = 12% or m^ k, 102 



17 One may find this condition too restrictive; in principle it may not be necessary to impose the leading 

r\i ~ 0(1 /M) contribution to the mass matrix entries be suppressed relative to the MSSM zeroth order and that 

one should instead ask that the 0(1/ M) correction dominate over the higher order terms 0(1/M 2 ). However, 

at the quantitative level this leads, for the present case, to results which are similar or even stronger (for 

example for 773) than those derived here from comparing the MSSM zeroth order against the 0(1/M) terms. 

(We thank K. Blum, Y. Nir and G.G. Ross for bringing this issue to our attention). 
18 Note that a non-zero r/2 requires nonzero 773 since 1 772 1 < ^3/4. 
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GeV if r/s/g 2 = 0.08, corresponding to 7/3 = 4.4 x 10~ 2 . Larger values for should be 
regarded with care, since would correspond to cases when <C of ()D-18|) is not comfortably 
respected; if 773/g 2 ~ 0.04 then 5 r ~ 4% or ~ 95 GeV. Further, if we now increase tua 
even by a small amount relative to mz, m A = 1.5m| and tan/3 = 50 the lower bound on 
r]s/g 2 is 0.118, difficult to comply by a good margin with an upper bound unchanged at 
Vs/a 2 < 0.25. Even so, then S r = 2 x 10~ 3 % only, if rj 3 /g 2 = 0.118 (rj 3 = 6.48 x 10" 2 ), 
therefore the increase of rrih is negligible. So far we took 772 = 0; if we allow a non-zero value 
for 772, which also requires non-zero 773, their combined effect on increasing rrih is not larger, 
and the above results remain valid. Note also that for large tan/3 regions l/M 2 -suppressed 
operators can be important and can affect the results |19j . 

From this analysis we see that 771 alone cannot change the MSSM tree level bound trih < mz 
within the approximation we discuss. This is consistent with Section [21 where it was shown 
that the operator which induced the 771 term could be removed by a general field redefinition 
of suitable coefficients "^1. However, 773 can increase to values ~ 95 — 100 GeV if uia ~ mz, 
with the higher values close to the limit of our approximation. Therefore it is the susy breaking 
term associated to (Hi H2) 2 that could relax the MSSM tree level bound. This increase brings 
a small improvement. To conclude, adding the quantum corrections is still needed [19j to bring 
m h above the LEP II bound of 114 GeV [6]. 

These findings show that the MSSM Higgs sector is rather stable under the addition of 
D=5 operators, in the approximation we considered (expansion in 1/M) of integrating out a 
massive singlet or a pair of massive SU(2) doublets which generated the 771 2 3 contributions. 
If M is low-enough, the approximation used of integrating out these massive fields becomes 
unreliable, and one should re-compute the full spectrum with all fields un-integrated out. Then 
the quartic interactions that the initial massive fields brought can be larger or of similar order 
(rather than corrections) to their MSSM counterparts, and can change the above conclusions. 



5 Conclusions 

In this work we considered a natural extension of the MSSM by the addition of R-parity con- 
serving dimension- five operators and analysed some of their implications. As we showed, such 
operators are a common presence in effective theories, generated by integrating out massive 
19 To see this one can also start from (151[1 and perform a "smaller" version of redefinition (|10fl . with pf = 0. 
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singlets and SU(2) doublets superfields. As it turns out, not all these higher dimensional op- 
erators are independent. We presented a method which employs general, spurion dependent 
field transformations to identify the minimal, irreducible set of such operators that one has 
beyond the MSSM. This is done by using field redefinitions suitably chosen to remove some of 
the "redundant" operators, up to renormalisations of the //-term and of the soft terms. As a 
result, the low energy effective theory has the advantage of a smaller number of couplings (i.e. 
parameters) and its study is simplified. The method can be applied to other, more general 
models too. 

The minimal set of D=5 operators can be reduced further provided that appropriate re- 
lations exist between the original couplings of the dimension-five operators and the usual 
MSSM Yukawa couplings. Such relations are expected to exist in the original Lagrangian to 
avoid FCNC constraints. In this case, at order 1/M, one is left with (Hi H2) 2 and three ad- 
ditional Higgs-dependent D-terms (fH^j) . together with associated, spurion-induced supersym- 
metry breaking terms of a particular type. The superpotential couplings and their associated 
soft terms acquire, already at the classical level, nontrivial renormalisations, which depend 
on the scale M of the higher dimensional operators. If our FCNC ansatz is imposed only for 
the first two generations, quartic terms in the superpotential QiU^Q^D^ and are 
also irreducible. 

The dimension-five Higgs-dependent D-terms leftover affect the couplings of the model 
MSSM5. In components, these terms contain "wrong"-higgs (susy breaking) Yukawa cou- 
plings. These are also known to be generated in the MSSM alone at one-loop level by inte- 
grating out massive squarks; our new contributions can be significant if the new physics is not 
far above LHC energies. The combined effect of the two sources for these couplings brings a 
tan /3-enhancement of the mass of the bottom quark. Even more interesting are supersymmet- 
ric couplings of type quark-quark-squark-squark and also quark-quark-slepton-slepton, that 
are also generated from the aforementioned D-term operators of dimension five and/or by the 
quartic superpotential couplings if the FCNC ansatz is made only for the first two generations. 
These couplings, although suppressed by 1/M can contribute significantly, for the case of the 
third generation, to the process of squark production. This contribution competes with that 
of the similar process coming from the MSSM at the tree level. This is phenomenologically 
important since direct squark production can be a first indication of supersymmetry at the 
LHC and this process is significantly enhanced in the model we discussed. 
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We also addressed the effects that dimension-five operators have on the Higgs sector. 
We included all possible contributions of the operators that can be in general present, due 
to 0i = A(S, S^)D a [B(S, S^)H 2 e~ Vl }D a [T(S, $t) e Vi Hl ] and 2 = Xh(S)(Hi H 2 ) 2 . The 
analysis showed that the MSSM tree level bound < mz cannot easily be lifted by 0\i 
and their associated susy breaking terms. In the case of 0\ this is due to the fact that this is 
ultimately a "redundant" operator and can be removed by a field redefinition, as showed in 
Section[2j 0\ brings ultimately only a renormalisation of the soft terms and of supersymmetric 
/i-term. Within the approximation used, the non-susy part of 2 can bring (somewhat close 
to the limit of validity of our approximation), an increase of rrih to rrih ~ 95 — 100 GeV, 
while in that case rriA ~ mz- This shows that the MSSM Higgs sector is rather stable 
under the addition of D=5 operators, in the approximation we considered. This result for the 
Higgs sector is somewhat expected in an effective theory where additional higher dimensional 
operators can only bring small corrections to current relations among physical observables of 
the initial model. Therefore quantum corrections are still needed to increase rrih above the 
LEPII bound of 114 GeV. 

In conclusion, the natural extension of the MSSM with the minimal, irreducible set of R- 
parity conserving dimension-five operators that we identified, provides a consistent and very 
interesting framework for future detailed phenomenological studies. The method presented to 
identify the minimal set of these operators beyond the MSSM is general and can be applied 
to sets of operators of higher dimensions and/or of different symmetries. 
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6 Appendix 



A Integrating out massive superfields: no gauge interactions present. 

In this appendix we examine different methods of integrating out high scale physics and 
confirm their equivalence, by showing that the same low energy effective Lagrangian is ob- 
tained. We ignore gauge interactions, included in Appendix [B] We find that integrating out 
massive states generates in the effective action and in the lowest order in the high scale, a 
(classical) wavefunction renormalisation while in the next order higher dimensional operators 
emerge. Operators like $2 D 2 Q\ emerge, which in the presence of gauge interactions becomes 
$2 &~ V D 2 e v $i, studied in the text, Section Let us start with a 4D renormalisable model 
(with M > m) 



$t$ + x i x 



+ 



d 2 9 



M 2 * A ^3 



+ h.c. 



(A-l) 



With a transformation $ = (cos 9 <3?i — sin 9 $2) and \ = (sin 9 $1 + cos 9 $2) one finds 



£1 = / d l 

where 



+ 



d 2 9 



^-$? + ^$I + ^(cos^ 1 - S in^ 2 ) 3 



+h.ciA-2) 



mi 



m 2 



2 /M 2 \ 1 / 2 



— (l - (1 + im 2 /M : , 
Y (l + a+W/M 2 ) 1 / 2 



m 



2 

m \ 

w) 



+ ... 



(A-3) 



so <1>2 is the massive field. We can now integrate out $2 via its equations of motion 



^D 2 $l + m 2 ®2- A sin 9 ($1 cos 6* - & 2 sm9) 2 = 



(A-4) 



with the solution 



A A 2 A 



„ sin a 20$? + — ^cos 2 #sin#Zr^| 2 + 0(l/M 3 ). (A-5) 
4?rio 4 mo 



Keeping the lowest, dimension-five operators of £1, we have 



£j = / ^$1$! + <j Id 2 ' 



-m 



A 



m 



A 2 



2M 1 + 3 1 2M3 



+ /i.c. ^ +0(l/M 4 ),(A-6) 
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where 



m 



z = l ~W2+ °(VM 4 ) 



(A-7) 



As expected, we find that at low energies (<C M) a higher dimensional operator <I> 4 emerges, 
suppressed by the scale M of "new physics" represented by the massive state x- Other higher 
dimensional operators are present beyond that of 0(1/M 3 ) shown, and these include higher 
derivative operators involving D <3?[ . As expected, in the low energy limit, the initial 4D 
renormalisable theory appears as an effective field theory valid below the scale M. 

There is another, equivalent way to analyse the Lagrangian in (|A-lj) in the low energy 
limit, which illustrates further the emergence of higher dimensional operators. Start again 
with eq. (|A-l[) . which gives the following eq of motion for the massive field \'- 







L> 2 x t -4(Mx + m$) 



(A-£ 



with an iterative solution 



X = T7 



1 

M 



m —2 + 1 —m —2 „ 9 
D $t + — — D D 2 $ 



AM 



16 M 2 



64 M 3 



(A-9) 



Using this solution in original C\ of (IA-lj) . one finds 



i + 



2 1 



M 2 



$t$ + 



m 

3M 3 



$ D 2 $ + h.c. 



+ 



-^— A (D 2 &) (L> 2 $) 
16 M 4 M 7 



+ 



— m 
~2M 



$2 _| (jjd 



After an appropriate re-scaling 



+ h.c. } + 0(l/M 5 



(A-10) 



m 

8M 3 



+ 



$£> 2 <I> + /i.c 



-m 



A 



Z<J> 2 + - Z 3 / 2 <I> 3 
2M 3 



m ,—2 



16 M 4 
+ h.c\ +0(1/M 5 



(A-ll) 



where Z = 1/(1 + m 2 /M 2 ). Aftea 20 ! integrating out a massive superfield \-> higher dimensional 
derivative operators were generated. These are suppressed by M, below which only an effective 



Using D D 2 = -16D we find a — $^D^> term; the metric is (+ 



5 1 1 
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theory (|A-lip applies. Since the presence of massive states in high scale theories is usually 
expected, the conclusion is that this type of operators are a generic presence at low energies. 
There are no ghosts in L\ of (jA-lip as long as one keeps all terms in the serieJ^I (|A-9p . Once 
we truncate this series to a given order, such states can be generated, as a signature of the fact 
that the UV of the theory is unknown. Finally, in order 1/M 2 the only effect of the massive 
state is a wavefunction renormalisation which depends on high scale M. 

From this stage there are two approaches one can adopt to continue from eq. (IA-llj) . 
I). In the first approach one sets "onshell" the higher dimensional operator, using the equations 



of motio 



see [25l [26j [27] ; if one adheres to this procedure, the eq of motion 

JjV = -^$ + 4A$ 2 + 0(l/M 2 ) (A-12) 

can be used back in (|A-11|) ; the new Lagrangian so obtained will contain a term cj>c[>t 2 which 
can be removed by a suitable shift 

to finally find 

Ci = [ d A 6 (A-14) 



+ <! / d 2 e 



2M 3 V 2M 2 / 2M 3 



where Z = 1/(1 +m 2 /M 2 ). In the approximation C(l/M 4 ) this Lagrangian coincides with 
that of (|A-6[) . where a different method was used. This confirms that setting the higher 
derivative operators "onshell" via equations of motion is a correct procedure, within the 
approximation considered. We again obtained a higher dimensional operator and a scale 
dependence acquired classically by the couplings of the low energy effective theorj 23 . 
II). Finally let us now take the second approach to continue from the Lagrangian in (1A-11I) . 
This will provide another check that setting onshell the higher derivative operators as done 
above in I) is indeed a correct procedure. In eq. (|A-lip proceed to redefine the fields, to 
eliminate the &D 2 <& term. We use a field redefinition 

$ = $' + cSVt (A-15) 



21 This is true because the original theory (|A-1|) had no ghosts; for a detailed discussion see (23 1 124] . 

22 For an application see [29] , 

23 To the next order, in (Fl4l) one has extra D terms (m 2 A 2 /M 4 ) $ 2 4> t2 and F terms (39m 4 /(8M 4 )) $ 3 
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where the dimensionful coefficient c is found from the requirement that the coefficient of 
&D 2 & vanish in the new Lagrangian. This gives c = — m 2 /(8M 3 ) and the Lagrangian in 
(|A-lip becomes after some calculations 



+ 



in 



2M 3 
2 A 



z$' 2 + -z 3/2 $' 3 

2M 3 



+ h.c. } + 0(l/M 4 



(A-16) 



After a shift &' = <$> — m 2 A/ (2 M 3 ) <f> 2 we obtain a low energy Lagrangian identical to that in 
(|A-6p , (|A-14p . This result shows that the three approaches to integrating out the effects of high 
scale physics (x), using a) eqs. (|A-ip to ()A-6p . or b) setting the higher dimensional derivative 
operators "onshell" eqs, (|A-8P to (|A-14|) . and finally c) using field re-definitions ()A-15p . are 
equivalent to the lowest order studied. The approaches gave in all cases the same spectrum 
and couplings, and checked explicitly that setting onshell the higher derivative operators 
is correct in the approximation considered. To the lowest order in 1/M only a wavefunction 
renormalisation was introduced by integrating out massive states, which classically renormalise 
low energy couplings. Higher dimensional operators were generated in the next order in 1/M. 



B Integrating out massive superfields: gauge interactions present. 

Here we show how all dimension-five operators of of eq.(|5]) in Section [2] are generated, and 



discuss in particular $2 e D e $1 . This appendix also extends the analysis in Appendix [Al 
where a similar $ Z) 2 <3? was shown to arise, in the absence of gauge interactions. Consider the 



Lagrangian of a N=l supersymmetric non-Abelian gauge theorj 
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Co 



+ 



+ 



/ 
/ 



d 4 9 
d 4 6 

<i 2 e 



&\ e v $1 + $ 3 e v $3 + $2 e~ v + $4 e~ v <S>\ 



vi $J e v $ 3 + i/ 2 $ 4 e v $2 + h - c - 



fJL $1 $ 2 + M $3 $4 + W 



+ h.c. 



(B-l) 



24 For the link to the MSSM, replace V -> Vi = g 2 V^a l - 9l V Y with V w , (W) the SU{2), (U(1) Y ) gauge 
fields respectively; also $2 — > .HT (*°"2), $1 — > Hi with $3 ($4) with same quantum numbers to $1 ($2) and 
(ia 2 ) exp(-A) = exp(A T ) (i<x 2 ), then $ 2 if* e 1 ' 2 ff 2 , with V 2 = 52 V> 1 + 5l VV- 



2S 



where M \i and with the notation V = (Vn, X, D/2) in the Wess-Zumino gauge. For 
generality and for phenomenological applications we can allow the presence of another higher 
dimension term W' = f d 2 9 £' (4>i &2) 2 , where we assume £' ~ 0(1/M); (W' can be generated 
by integrating out a singlet). The equations of motion for massive $3,4 give 



(B-2) 



As in previous section we use these equations to integrate out the massive fields $34 to find 



+ / d 



/i$i$ 2 + C'($i$ 2 ) 2 + /i.c. + 0(1/M 2 ), 



where we ignored higher orders in 1/M. Again, higher dimensional operators were generated 
by integrating out massive superfields $3,4, as expected in the low energy effective action. 
Before a detailed analysis of (|B-3|) . let us set onshell the first dimension-five operator in (|B-3j) 
by using the equations of motion for $1,2: 

D 2 [e y $i] = 4/i$|, Tf [e~ v $l] =4fi^ 1 (B-4) 



We insert these in ()B-3p . then rescale $j — > #^ (1 — \i v\ iaj£/2), i = 1, 2, to find: 
£2 = y d 4 ^ $1 e y $1 + $ 2 e~ v $2" 

+ J d 2 9 [m $1 $2 + £'(*l $ 2 ) 2 ] + /i-c. + 0(1/M 2 ), (B-5) 

In conclusion, the supersymmetric higher dimensional operator (generated by integrating 
out massive superfields), when set on-shell, produced in the leading order (in 1/M) only 
wavefunction renormalisation. The D=5 D-term operator in (|B-3|) was studied in Section [2j 
If the superpotential in (IB-ljl also contains trilinear couplings of the heavy doublets $3,4 
to the quarks 



A£ 2 



d 2 9 



Q a u U c <S> 4 + Q <r d D c $ 3 + L a e E c 



+ h.c. , 



(B-6) 
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then they change the rhs of (|B-2p by extra terms and then new higher dimensional operators 
are also generated in the low energy effective action in addition to the first one in (|B-3p . More 
precisely, the Lagrangian in (|B-3p acquires a correction 



A£' 9 



M 



d 1 



V! $1 e v Qa u U c + v 2 (Q a d D c ) e~ v & 2 + v 2 (L a e E c ) e~ v $>\ + h.c 



-v*t 



(Qa u C/ c )(Qa d D c ) + (Qcx u t/ c )(La e £ c 



+ /i.e. , 



(B-7) 



where cr Uy d,e are 3x3 matrices in the family space. This gives one possible origin of the D=5 
operators analysed in Section O Eq. (|B-7j ) generates tree-level "wrong-Higgs" couplings and 
fermion-fermion-sfermion-sfermion couplings, discussed in Section [2] and [3] The structure of 
the couplings in (|B-7p also motivates the ansatz made in Section [3J Eq, ([3"U|) would be obtained 
if op (x Xf, F : U,D,E, which could eventually be enforced by family symmetries. 

In the remaining part of this section we present the general offshell form of C 2 of (|B-3|) . 
Using now this form, we check again that the higher dimensional (derivative) operator in 
(|B-3p brings a wavefunction renormalisation only, in the absence of other interactions coupled 
to (like trilinear terms). After a long calculation, one obtains the offshell fornix 



£a = -^V^fa + itP^V^fa-^ faXfa+h.c. + fa 1 -fa + \F 1 \ 2 



1 

72 



D 
~2 



b 2 V^fa 2 + ifa a lx V^ 2 + — , » 2 A / o + h.c. 



F 2 V,V»fa+faV ll V»F 1 



hj^*2 + \F 2 \ 2 



faa^V.Xfa + faXa f >V u fa 



+ 2 (faD Fx- F 2 D fa) -2^2 \faXFi - F 2 (Xipi) -2fa(XX) fa 



4faa u a^V u V.fa }+n 



F 2 + F\ fa - fa fa 



+ W'\ f)2 +h.c. + 0(l/M 2 ) (B-8) 



where 



W| fl2 = C - {<hh + ^ifcf + 2 (fafa) (fa F 2 + F 1( t> 2 - fafa) 



(B-9) 



25 We use -4 y>2 £> M 2? M ^i = -4 </> 2 K ct m - 2 i cr""]^ = -4 V2 cr" ^ M ^ T>„ + 4 </> 2 cr"" F M „ fa and 

the first term in the rhs is that entering the final expression of £2. Here -F M „ = 9 M K,/2— d u V IJ ,/2+ i [V^/2, K//2]. 
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and with 



V, 



d, 



V„ 



(B-10) 



The first and second lines in (|B-8P are obtained from the first and second terms in (|B-3P 
respectively; the h.c. applies to all terms in the last three lines of (|B-8p . In the offshell com- 
ponent form of the Lagrangian notice we have an interesting tensor coupling ip2 & u F> V T>^ "01 
in spite of the minimal gauge coupling in (IB-lj) and this arises from a coupling tp2 aliv F„ v "01 
coming from the third term in the first line of (1B-3|) , see also the previous footnote cj. This 
coupling could be relevant for tree level calculations of the Feynman diagrams. Next we 
eliminate the auxiliary fields F\ 2 using their equations of motion 



Ft = -0 2 U + 2 e' (01 <h)) + 7 v{ v*2 i ( - 4 foV - 4 02 ^ + 2V2 ^2 A 



F* = -^^ + 2^(0102)) + ~^i*4£ (-VDypPfa + 4^0i- 2^2 A Vi)(B-ll) 



In the terms proportional to £ in £2 we can replace the derivatives of the fermions by their 
equations of motion, since the error would be of higher order. We use there 

1 _ 



(B-12) 



We then rescale the scalars and Weyl fermions and after neglecting terms we obtain 

the onshell Lagrangian 



Co 



4^ 2 0i - -?= -0iA0i + /i.c. 



1 



2 P 2 4 + i -0 2 er* 1 V^ 2 + -7= 02AV 2 + ^-c 



1 r 



/x 2 |1 - /ui/i | 2 



H' H (0102) + /i.e. 



^2 

^01 + 02 02 



^01 + 02 02 



+ 0i y 0i 



(1 — )U Z/l 1/2 O ^1 V>2 + ft-C 
p2 = pMp 



(B-13) 



This coupling is not present in the onshell form of the action, see also 
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This Lagrangian is in agreement with that of (|B-5p . This shows that onshell and in the 
absence of other interactions, only a wavefunction renormalisation effect is present, giving a 
new fjf = (1 — (j,v% V2 £). To conclude, integrating out the massive superfields $3,4 generated 
a dimension-five operator $2 e~ v D 2 e v $1, which if set onshell via equations of motion or 
using the offshell Lagrangian, brings a (classical) wavefunction renormalisation only, in the 
absence of additional trilinear interactions. Thus this D=5 operator does not bring new 
physics of its own, in the absence of additional interactions. One can then ask whether this 
conclusion remains truj^l after supersymmetry is softly broken, and this is answered in the 
text, Section [2] and [U To this purpose the supersymmetry breaking terms associated to this 
dimension-five operator must firstly be identified, and this is done in Appendix O Finally, 
if additional, trilinear interactions were also present, other dimension- five operators of type 
shown in (|B-7p could also generated and these were also analysed in Section [5J 

C Supersymmetry breaking effects and higher dimensional operators. 

In this appendix we find all the supersymmetry breaking terms associated with the higher 
dimensional operator $2 e~ V D 2 e v &i, which were used in Section [2] and |H This operator 
is generated as shown in (|A-lip (no gauge interactions) and in (|B-3[) by integrating out 
massive superfields^]. To find its associated susy breaking contribution we use the spurion 
field technique and claim that the most general susy breaking terms coming from this operator 
are generated by: 

C G ,s = -^jd 40 A (S, S f ) D a [B(S, St) $ 2 e- v ] D a [r(S, rf) e v ^] + h.c. (C-l) 

where 

A(S,S j ) = a + a 1 S + a 2 S^ + a 3 SS^ 
5(5, 5 f ) = Po + PiS + foSt + PaSS* 

T(5,5t) = 7o + 7l S + 7 2 St + 73 (C-2) 



27 without setting onshell this operator 

28 It would be more appropriate to introduce supersymmetry breaking to £2 of (|B-1|) then integrate again 
$3,4. It is however easier to start from (|B-3|I and add to that a general spurion dependence/susy breaking. 
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A, B,T are the most general spurion fields, and S = 9 2 M S , where M s denotes the scale of 
supersymmetry breaking. Also ctj, 7, are arbitrary input parameters of the theory. In (|C-ip 
an overall factor from spurion superfields can always be absorbed into a redefinition of the 
scale M. This is equivalent to saying that ao,/?cb7o can be set to unity. However, these can 
also vanish, therefore we kept their presence explicit. After a long calculation one finds 



«o/3o7o f An ^ -v n 2 r v ^ 
£g,s = d 6 <S> 2 e D [e v $1 



+ [4(di + <h) faWVpfa -2(dx- <h) foDfa + 2^2 d 1 2 AVi 

M 2 

- 2V2d 2 V 2 A0i - 4d 3 + [ ~ 4d 4 02^1 - 4d 5 i^i + 2d 6 fofa] 

M 3 

+ ^[-^7^1]+^. (C-3) 

where the exact susy term can be read from the last three lines of ()B-8[) proportional to £, 
and h.c. applies to all terms; the coefficients <ij, i = 1,7 are given by: 

d\ = -Pi a 7o - g a i ^o7o, ^2 = -71 A) «o - ^ «i A) 7o 

<^3 = -«2 A) 7o - «o/?27o - «oA)72, d 4 = -/% «o 7o - /?i «2 7o - ao/3i72 (C-4) 

and 

= -73 A) -71^2 A) -ao/3271, ^6 = "3 7o A) + ai/?27o + «iA)72 
(^7 = -73 Al«o- 7i Pzolq-H Pi a 2 . (C-5) 

Note the presence of the term 4> 2 D (p\ (assuming d\ — d 2 7^ 0), where D is the auxiliary gauge 
field. This term and ip 2 X(f>i are not present in the MSSM, if we replaced $1,2 by the MSSM 
Higgs fields H\ 2 . 



D Mass eigenvalues in the MSSM with higher dimensional operators. 

Some details of the calculation in Section 14.11 are given below. From the two minimum 
conditions for the scalar potential V of eq. (|56p one can express mi 2 there in terms of Bfi, 
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vi, v 2 to find: 



m i = - B V — -o9{v 1 -v 2 )- — — (3v 1 -v 2 )-——(3v l +v 2 )-—v 2 



vi 8' 

V\ 1 

V2 8 



2 



~2 d «1 , 1 2/ 2 2x Vl Vl . 2 2 N ^2 ^1 ,„ 2 , 2x % 2 /t^ n n 

m 2 = -B/i — + -g{v 1 -v 2 )- — — {v 1 -3v 2 )- — — {3v 2 +v l )-—v l (D-l) 



2 

2 "ua 



which shall be used in the following. The mass matrix is 



M 



1 d 2 V 



2 dhidhj 



hi=Vi/V2, <Ti=0 



(D-2) 



where 



/ 2fh\ + \ g 2 (3vf - vl) 2By,-\ g 2 Vl v 2 \ 
\ 2Bii-\g 2 v x v 2 2m 2 - \g 2 {v 2 -3v 2 ) ) 



(D-3) 



and 



( 6 (?7i + 772) f 1 «2 + V3 V 2 3 (^1 + ^2) + 3(r/2 - w| + 2f] 3 Vl V 2 \ 

\ 3 (771 + 772) v\ + 3(7/2 - 7/1) i| + 2t/3 v 1 v 2 6 (7/2 - 7/1) vi tj 2 + % v\ 



D-4) 



The mass eigenvalues m 2 h H of .My are 



l,H = M IhT^= B t i(v 2 1 -v 2 )+ v 1 v 2 (m\-ml + 9 -{v\ - v 2 )) 
+ 37/2 

vj + v 2 2 ±^= (2(m 2 - m 2 )(vj - v\) + g 2 (v\ + v 2 ) 2 - 16Bfi Vl v 2 ) 



ViV 2 ± 7T1=( V 1 + V 2){-^ B ^ + 9 2 V1V2) 
Ly W 



(D-5) 



The upper (lower) signs correspond to the lighter m\ (heavier m 2 H ) Higgs field, respectively. 
We introduced 



g 2 1 

rhj + m 2 2 + — {v\ + vl) =F ^ V™ 



(D-6) 
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where the upper (lower) sign corresponds to (Mh) which, if 771,2,3 = reproduce the 
lighter (heavier) MSSM Higgs field. Above we used the notation 



w = (4By - g viv 2 ) + 4 [m( - m 2 2 + — {y{ - v 2 



~2 ~ 2 1 9 2 / ,2 „,20 2 



(D-7) 



With the values of mi, 2 expressed in terms of vi j2 and By from minimum conditions (|D-ip . 
one can re-express m\ H of ()D-5|) as follows 



with 



4 



4 



4 



where 



m h,H 



m 2 z By(u 2 + 1) y/w 2 
~2 =F ^ _ + U 



»7i ?f +12^+ 773 



(D-8) 



u 2 - 1 



(Ti 2 - 1) 



4n 4w 2 (l + 7i 2 ) 2 V^ / 



1 - 6u 2 + it 4 

4n(l + 7j 2 ) 1 4n 2 (l + 7j 2 )^' L 

' By(l + U Z ) — 777-2 U 



m| u(l - 6u 2 + u A ) + By (1 + u 2 )(l + 18u 2 + u 4 ) 

m|«(l - 14n 2 + 7i 4 ) + 5/7(1 + 77 2 )(1 + 10n 2 + u 4 ) 



(l + TT 2 ) 2 ^' 



w = m 



% + [S/z(l + 7i 2 ) 3 + 2m|n(l - 6u 2 + 



2 , .M 



By 



M 2 (l + 7J 2 



(D-9) 



(D-10) 



and where we also used v% = v cos f3,v 2 = v sin/3, u = tan/3 and m 2 z = g 2 v 2 /4. Similar 
considerations apply for the pseudoscalar Higgs/Goldstone boson sector. The mass matrix is 
in this case 



with entries 



N n 
N 12 



N- 



22 



N, 



d 2 v 



1.1 



da id a j 



hi=Vi/\/2, ai=Q 



-2,9,2 2\ 1 / 1 \ ^32 

m x + — («! - v 2 ) + (771 + 77 2 )t;it>2 - y7; 2 

Vl / 2 2\ V2 ( 2 1 2\ D I D \ 

-^{^ - v 2 ) - —{v 1 + v 2 ) - mnv2 - Re{By) 



- 2 9 ( 2 2\ 1 / \ % 2 

m 2 - g" («1 - l> 2 ) + - 7?1)W17J 2 - 



(D-ll) 



(D-12) 
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The eigenvalues of N are 



m G,A 



- (mf + m|)=F 



4771 



+ % 



r> I 2 2\ 1 / ~ 2 -2,9/2 2\ 

B^{v x - v 2 ) +viv 2 \ m x - m 2 + — [v x - v 2 ) 



ABa . 2 2x 
^2 =F —j= [Vi + v 2 ) 



+ m 

, K 

II 2 

- (y\ + vl) =F -= (8Bfiv lV2 + (t; 2 - t; 2 2 ) (m? - m|) + ^ (t; 2 - t; 2 2 ) 2 ) ( D- 1 :{ ) 



where 



k = 16 



™2 ~ 2 , 9 2 ,2 2 X ~ 



4(B^y+[mi-mi + ^-(v(-vi] 



(D-14) 



where the upper sign corresponds to the Goldstone wlq and the lower sign to m\. One can 
use (|D-lj) to replace in terms of v\^ 2 and . Using (|D-lj) one shows that mc = and 



2v\v 2 



2 B fi + rjt (v I - v 2 ) + 7/2 (f 1 + t>l) + 2% vi v 2 



1 + u 2 



11 



Bu + 



u 2 - l 
~2u 



771 v 



1+u 2 
2m 



r/ 2 f - r/ 3 u 



(D-15) 



This is the result used in the text, eq. ([59|) . Using eqs. (|D-8p and (|D-15p to eliminate Bfi 
between them, one obtains the masses m^^'- 



m 



m 2 A + m 2 z + Vuf 



+ 



2r\ 2 u v 2 
1 + u 2 



1 ± 



m 2 A + m 2 z 



4m^ r]i u (u 2 — 1) v 2 

(l + 7J 2 ) 2 vV 7 

773 V 



«/' (1+7J 2 ) 2 



(D-16) 



where the upper (lower) signs correspond to h {H) respectively, and where 

" — 4 1 4 o 2 2 1 — 6lt 2 + U 4 2 , 2 \2 2 2 2 o m ,m 

7f = m A + ra z — 2m A m z — - — ^ — = (m^ + m z J — 4777^7772003 2p [D-lt) 



Replacing 77 = tan/3 in m^H one obtains an equivalent form of ttt,/^ used in the text, eq. (|60|) . 
The bounds on r)i discussed in Section 14.11 that must be respected in order to increase 
777^ > 777 2 in the approximation considered, are derived from (|D-16|) with (|66p and give 
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{Ju + 1-q)(1 + u 2 ) 2 Juj m . f u 3u 2 -l \u 2 -3\ 

< t <C mm ' 



32u(u 2 -l) ~ g 2 l6(u 2 -l)' 24u ' 24 u 

(^+l-p)(l + n 2 ) 2 ^7 m , fl |u 2 -3| n 2 -l u 2 -l\ 

< -r < rnin^ -, , , — - — ^ (D-18) 



4[(l+n 2 ) 2 ^-(/5-l)(l-'U 2 ) 2 ] " 5 2 [4' 4u 2 ' 4u 2 

with cj = (p — l) 2 + 16ii 2 p/(l + tt 2 ) 2 , u = tan/3 and p = m^/m 2 ^. The implications of these 
eqs are discussed in the text after eq. (|66l) . 

References 

[1] H. P. Nilles, "Super symmetry, Supergravity And Particle Physics," Phys. Rept. 110 
(1984) 1. H. E. Haber and G. L. Kane, "The Search For Super symmetry: Probing Physics 
Beyond The Standard Model," Phys. Rept. 117 (1985) 75. S. P. Martin, "A supersym- 



metry primer, " |arXiv:hep-ph /9709356. 

[2] G. R. Farrar and P. Fayet, "Phenomenology Of The Production, Decay, And Detection 
Of New Hadronic States Associated With Super symmetry," Phys. Lett. B 76 (1978) 575. 
For a review see R. Barbier et al, "R-parity violating super symmetry," Phys. Rept. 420 



(2005) 1 arXiv:hep-ph/0406039| 



[3] H. E. Haber and J. D. Mason, "Hard super symmetry-breaking 'wrong-Higgs' couplings of 
the MSSM," arXiv:0711.2890 l [hep-ph]. 

[4] S. P. Martin, "Dimensionless supersymmetry breaking couplings, flat directions, 
and the origin of intermediate mass scales, " Phys. Rev. D 61 (2000) 035004 
|arXiv:hep-ph/9907550"l , 

[5] K. Harada and N. Sakai, "Softly Broken Supersymmetric Theories, " Prog. Theor. Phys. 
67 (1982) 1877. K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, "Aspects Of Grand 
Unified Models With Softly Broken Supersymmetry," Prog. Theor. Phys. 68 (1982) 927 
[Erratum-ibid. 70 (1983) 330]. D. R. T. Jones, L. Mezincescu and Y. P. Yao, "Soft 
Breaking Of Two Loop Finite N=l Supersymmetric Gauge Theories, " Phys. Lett. B 148 
(1984) 317. L. J. Hall and L. Randall, "Weak scale effective supersymmetry," Phys. Rev. 
Lett. 65 (1990) 2939; F. Borzumati, G. R. Farrar, N. Polonsky and S. D. Thomas, 
"Soft Yukawa couplings in supersymmetric theories," Nucl. Phys. B 555 (1999) 53 



37 



arXiv:hep-ph/9902443|; I. Jack and D. R. T. Jones, "Non-standard soft super 'symme- 



try breaking," Phys. Lett. B 457 (1999) 101 | jarXiv:hep-ph/9 903365 1 . N. Polonsky and 
S. f. Su, "Low-energy limits of theories with two super symmetries," Phys. Rev. D 63 
(2001) 035007 |arXiv:hep-pn7 0006174 1 . N. Polonsky and S. Su, "More corrections to the 
Higgs mass in super symmetry," Phys. Lett. B 508 (2001) 103 [arXiv:hep-ph/0010113| . 

[6] R. Barate et al. [LEP Working Group for Higgs boson searches], "Search for the stan- 
dard model Higgs boson at LEP," Phys. Lett. B 565, 61 (2003) |arXiv:hep-ex/ 0306033 1 ; 
S. Schael et al. [ALEPH Collaboration], "Search for neutral MSSM Higgs bosons at LEP, " 



Eur. Phys. J. C 47, 547 (2006) [arXiv:hep-ex/ 0602042 1. 

[7] J. P. Derendinger and C. A. Savoy, "Quantum Effects And SU(2) X U(l) Breaking In Su- 
pergravity Gauge Theories," Nucl. Phys. B 237 (1984) 307; J. M. Frere, D. R. T. Jones 
and S. Raby, "Fermion Masses And Induction Of The Weak Scale By Supergravity," 
Nucl. Phys. B 222 (1983) 11; H. P. Nilles, M. Srednicki and D. Wyler, "Weak Inter- 
action Breakdown Induced By Supergravity," Phys. Lett. B 120 (1983) 346; J. R. Ellis, 
J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, "Higgs Bosons in a Nonmin- 
imal Super symmetric Model, " Phys. Rev. D 39 (1989) 844; U. Ellwanger, M. Rausch de 
Traubenberg and C. A. Savoy, "Particle spectrum in supersymmetric models with a gauge 



singlet," Phys. Lett. B 315 (1993) 331 arXiv:hep-ph/9307322|; U. Ellwanger, M. Rausch 
de Traubenberg and C. A. Savoy, "Higgs phenomenology of the supersymmetric model 



with a gauge singlet," Z. Phys. C 67 (1995) 665 |arXiv:hep-p h /9502206 | ; U. Ellwanger, 
M. Rausch de Traubenberg and C. A. Savoy, "Phenomenology of supersymmetric models 
with a singlet," Nucl. Phys. B 492 (1997) 21 |arXiv:hep-ph/9611251 1; P. N. Pandita, 

"One Loop Radiative Corrections To The Lightest Higgs Scalar Mass In Nonminimal Su- 
persymmetric Standard Model," Phys. Lett. B 318 (1993) 338; P. N. Pandita, "Radiative 
corrections to the scalar Higgs masses in a nonminimal supersymmetric Standard Model, " 
Z. Phys. C 59 (1993) 575; F. Franke and H. Fraas, "Neutralinos and Higgs Bosons in the 
Next-To-Minimal Supersymmetric Standard Model," Int. J. Mod. Phys. A 12 (1997) 479 

arXiv:hep-ph/9512366|; S. F. King and P. L. White, "Resolving the constrained minimal 



and next-to-minimal supersymmetric standard models, " Phys. Rev. D 52 (1995) 4183 



arXiv:hep-ph/9505326| 



38 



[8] L. E. Ibanez and G. G. Ross, "Discrete Gauge Symmetries And The Origin Of Baryon 
And Lepton Number Conservation In Supersymmetric Versions Of The Standard Model, " 
Nucl. Phys. B 368 (1992) 3. H. K. Dreiner, C. Luhn and M. Thormeier, "What 
is the discrete gauge symmetry of the MSSM?," Phys. Rev. D 73 (2006) 075007 
arXiv:hep-ph/0512163|; C. Luhn and M. Thormeier, "Dirac neutrinos and anomaly-free 



discrete gauge symmetries," Phys. Rev. D 77 (2008) 056002 [arXiv: 0711 107561 [hep-ph]]. 

[9] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, "A complete analysis of FCNC 
and CP constraints in general SUSY extensions of the standard model, " Nucl. Phys. B 
477 (1996) 321 [ arXiv:hep-ph/9604387] . 

[10] W. Buchmuller and D. Wyler, "Effective Lagrangian Analysis Of New Interactions And 
Flavor Conservation," Nucl. Phys. B 268 (1986) 621. 

[11] D. Piriz and J. Wudka, "Effective operators in super symmetry," Phys. Rev. D 56 (1997) 



4170 arXiv:hep-ph/9707314|. 

[12] M. Pospelov, A. Ritz and Y. Santoso, "Flavor and CP violating physics from new su- 
persymmetric thresholds," Phys. Rev. Lett. 96 (2006) 091801 [arXiv:hep-ph/0510254] ; 
M. Pospelov, A. Ritz and Y. Santoso, "Sensitivity to new supersymmetric thresh- 
olds through flavour and CP violating physics, " Phys. Rev. D 74 (2006) 075006 



arXiv:hep-ph /0608269| . 



[13] L. Girardello and M. T. Grisaru, "Soft Breaking Of Super symmetry, " Nucl. Phys. B 194 
(1982) 65; K. Harada and N. Sakai, "Softly Broken Supersymmetric Theories," Prog. 
Theor. Phys. 67 (1982) 1877. S. Dimopoulos and H. Georgi, "Softly Broken Supersym- 
metry And SU(5)," Nucl. Phys. B 193 (1981) 150. 

[14] M. S. Carena, H. E. Haber, H. E. Logan and S. Mrenna, "Distinguishing a MSSM Biggs 
boson from the SM Biggs boson at a linear collider, " Phys. Rev. D 65 (2002) 055005 
[Erratum-ibid. D 65 (2002) 099902] jarXiv:hep-ph/0106116| . 

[15] D. M. Pierce, J. A. Bagger, K. T. Matchev and R. J. Zhang, "Precision correc- 
tions in the minimal supersymmetric standard model, " Nucl. Phys. B 491 (1997) 3 



arXiv:hep-ph/9606211|. 



39 



[16] L. J. Hall, R. Rattazzi and U. Sarid, "The Top quark mass in supersymmetric SO(10) 
unification," Phys. Rev. D 50 (1994) 7048 |arXiv:hep-ph/9306309| . 

[17] M. S. Carena, M. Olechowski, S. Pokorski and C. E. M. Wagner, "Electroweak sym- 
metry breaking and bottom - top Yukawa unification," Nucl. Phys. B 426 (1994) 269 
|arXiv:hep-ph/9402253] . 

[18] S. Dawson, E. Eichten and C. Quigg, "Search For Supersymmetric Particles In Hadron 
- Hadron Collisions," Phys. Rev. D 31 (1985) 1581. P. R. Harrison and C. H. Llewellyn 
Smith, "Hadroproduction Of Supersymmetric Particles," Nucl. Phys. B 213 (1983) 223 
[Erratum-ibid. B 223 (1983) 542]. 

[19] M. Dine, N. Seiberg and S. Thomas, "Higgs Physics as a Window Beyond the MSSM 
(BMSSM), " Phys. Rev. D 76 (2007) 095004 [arXiv:0707.0n05 [hep-ph]]. 

[20] K. Blum and Y. Nir, "Beyond MSSM Baryogenesis, " Phys. Rev. D 78 (2008) 035005 
|arXiv:0805.0097l [hep-ph]]. 

[21] A. Strumia, "Bounds on Kaluza-Klein excitations of the SM vector bosons from elec- 



troweak tests," Phys. Lett. B 466 (1999) 107 |arXiv:hep-ph/9906266|; 

[22] A. Brignole, J. A. Casas, J. R. Espinosa and I. Navarro, "Low-scale supersymmetry 
breaking: Effective description, electroweak breaking and phenomenology, " Nucl. Phys. B 



666 (2003) 105 |arXiv:hep-ph/0301121 1. J. A. Casas, J. R. Espinosa and I. Hidalgo, "The 



MSSM fine tuning problem: A way out, "JHEP 0401 (2004) 008 [arXiv:hep-ph /0310137 |. 
[23] I. Antoniadis, E. Dudas and D. M. Ghilencea, "Supersymmetric Models with Higher 



Dimensional Operators," JHEP 0803 (2008) 045 [arXiv:0708.0383 [hep-th]]. 

[24] I. Antoniadis, E. Dudas and D. M. Ghilencea, "Living with ghosts and their radiative 
corrections," Nucl. Phys. B 767 (2007) 29 |arXiv:hep-th /0608094 1 . D. M. Ghilencea, 
"Higher dimensional operators and their effects in (non) supersymmetric models," Mod. 
Phys. Lett. A 23 (2008) 711 [arXiv: 0708,2501] [hep-ph]]. 

[25] H. Georgi, "On-Shell Effective Field Theory, " Nucl. Phys. B 361 (1991) 339. 

[26] H. D. Politzer, "Power Corrections At Short Distances," Nucl. Phys. B 172 (1980) 349. 



40 



[27] C. Arzt, "Reduced effective Lagrangians," Phys. Lett. B 342 (1995) 189 



|arXiv:hep-ph /9304230| . 

[28] S. Ferrara, E. Remiddi, "Absence of the anomalous magnetic moment in a supersymmet- 
ric Abelian gauge theory" Physics Letters 53B (1974) 347. 

[29] G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, "The Strongly- Interacting Light 



Higgs," JHEP 0706 (2007) 045 arXiv:hep-ph/0703164|. 



41 



